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Abstract 
 
In the paper are presented the results of numerical analyses of carburisation and thermal shock effect on fracture formation in stable 
austenitic cast steel of Fe–Ni–Cr–C type used in the charge–carrying elements of carburising furnaces. Using the method of finite element 
method, the distribution of stresses developing in carbides and their surrounding matrix were determined during rapid temperature 
changes. It was showed that very large tensile stresses developed in the carbides “out–coming” onto the alloy surface, regardless of the 
volume, type and anisotropy of properties, which could have led to their cracking as early as in the first cycles of heating and rapid 
cooling. 
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1. Introduction 
 
Main reason of reducing the life of equipment elements 
working under increased temperature conditions is their cracking 
[1÷7]. The charge–carrying elements of carburising furnaces, 
which are exposed to concurrent interaction of high and variable 
temperature (usually from about 880 to 1100
oC), carburising 
atmosphere and charge loading, are characterised by particularly 
low resistance [5÷7]. Unfavourable operation conditions are 
a reason of fractures appearing in these elements as early as in the 
first working cycles, which can lead to their decohesion in next 
cycles. This results in the necessity of frequent replacement of 
these elements. 
A reason for fracture formation is stresses, the source 
of  which – in case of the charge–carrying elements used 
in  carburising furnaces – is temperature, in particular its rapid 
changes. Under such conditions, the stresses of thermal nature are 
most frequently accompanied by tessellated stresses. However, 
macrostresses induced by the temperature gradient in the cooled 
and heated elements are not large enough to be able to be a reason 
for fracture initiation [7]. Therefore, tessellated stresses – 
resulting from differences in the values of phase thermal 
expansion coefficients – are suggested to be another reason for the 
cracking of charge–carrying elements [7÷9]. 
The simulation calculations carried out with the use 
of finite element method showed tensile stresses, developing in 
the carbides “out–coming” onto the alloy surface, to be a possible 
reason of fracture formation in the charge–carrying elements 
of carburising furnaces, whereas the volume, type and anisotropy 
of properties of these carbides are of secondary character. 
 
 
2. Research methods and results 
 
 
2.1. Studied material 
 
The studied material is LH17N36S austenitic cast steel, 
commonly used in the production of technological 
instrumentation (the charge – carrying elements) of carburising furnaces. The structure of this cast steel is two–phase – there is 
a carbide phase in the austenitic matrix, composed of M23C6 and 
M7C3 type carbides. 
The effect of furnace carburising atmosphere leads 
to formation of carburised layer in this cast steel. The same type 
carbides are still in the carburised cast steel, like in the 
uncarburised one. In case of heavily carburised layers, 
it is possible that carbides of M3C2 type occur also in them, apart 
from those of M23C6 and M7C3, type [5]. The mechanism 
of carburised layer formation and development in austenitic alloys 
has been described in detail in many papers [5, 10÷14]. 
Carbides in the austenitic cast steel come out both inside the 
austenite grains and on their boundary. Carburisation processes 
proceed most intensively on the grain boundary, the reason 
of which is a particularly large concentration of structure defects 
in these areas [10]. Micro–discontinuities, developing on the grain 
boundary, are an easy way for carbon diffusion from the furnace 
atmosphere. In these areas, the occurrence of the largest number 
of fractures is also observed that, while germinating on the alloy 
surface, develop deep into the material in the successive cycles 
of thermal fatigue, following the carbides that grow on the grain 
boundary [7]. 
The exemplary microstructure of carburised layer 
in LH17N36S austenitic cast steel, with the following chemical 
composition: C = 0.19%, Mn = 0.36%, Si = 1.35%, Cr = 16.10% 
and Ni = 37.05%, used in the charge–carrying elements 
of  carburising furnaces after 340 h of carburisation 
at a temperature  of  890
oC in solid carburiser with a chemical 
composition of: BaCO3 – 11%, Na2CO3 – 4%, charcoal – 85%, 
is presented in Fig. 1. 
 
 
Fig. 1. Microstructue of carburised layer of tested cast steel after 340 h 
of carburisation 
 
 
2.2. Stresses in carbides and their surrounding 
matrix under carburising conditions and rapid 
temperature changes 
 
The real shape and dimensions of carbides in austenitic cast 
steel differ very much. Inside the austenite grains, there can 
be  found carbides of a shape similar to the globular one, 
in particular when austenitic cast steel is characterised by a low 
content of carbon [7]. On the other hand, carbides on the borders 
of austenite grains do not show such a regular shape and most 
frequently form a more or less dense lattice surrounding these 
grains. Hence, it was assumed in the present study for calculations 
that carbide has a shape of rectangular plate, which is situated 
perpendicularly towards the free surface of alloy. Two cases 
of carbide location towards that surface were considered – Fig. 2. 
 
   
Fig. 2. Models of carbides on the austenit grain boundary: a) carbide 
wholly surrounded by austenite, b) carbide with one side free 
 
In order to determine the distribution of stresses developing 
during rapid temperature changes (ΔT) in carbides and their 
surrounding matrix due to differences in the values of thermal 
expansion coefficients α and material constants E and ν, i.e. the 
Young’s modules and Poisson ratios of the specified phases, the 
method of finite elements was used. 
In the presented calculation examples, it was assumed that 
carbides are elastic materials within the whole range of 
temperature changes, whereas austenite is an elastic–plastic 
material with linear consolidation. During the cooling, the 
temperature undergoes a rapid reduction from 700
oC to 20
oC, 
while its changes take place concurrently in the whole alloy 
volume. For calculations, the yield point of austenite 
R0.2 = 208 N/mm
2 and its consolidation module Ee = 4.09·10
3 N/mm
2 were 
assumed [7]. The values of other material constants were as 
follows [7]: 
– M7C3 carbide: E = 2.94·10
5 N/mm
2, ν = 0.372, α = 11.81·10
-6 K
-1, 
– M23C6 carbide: E = 1.998·10
5 N/mm
2, ν = 0.367, α = 11.22·10
-6 K
-1, 
– austenite  γ: E = 1.73·10
5 N/mm
2, ν = 0.253, α = 17.73·10
 -6 K
-1. 
The carbide dimensions were assumed on the basis 
of quantitative metallographic analyses of LH17N36S austenitic 
cast steel samples after various carburisation times (20 – 340 h) 
at a temperature of 890
oC and in solid carburiser (BaCO3 – 11%, 
Na2CO3 – 4%, charcoal – 85%) [7]. 
In all cases, the distribution of σx,  σy,  σz stresses were 
determined in the centre of carbides and in their surrounding 
matrix, along the vertical axis 0z, in three directions x, y and z, 
perpendicular to each other. 
Evaluation of the effect of different release location towards 
the alloy surface on the distribution of stresses was made for 
M7C3 carbide with the following dimensions: g = 4 μm, 
h = 12 μm, and b = 36 μm. In case of the carbide completely 
surrounded by matrix, it was assumed that it is situated 2 μm 
under the alloy surface. Dimensions of the austenitic matrix for 
the two carbide locations were assumed as follows: G = 120 μm, 
H = 120 μm, and B = 120 μm. 
The determined distributions of stresses for two model cases 
of M7C3  type carbide location towards the alloy surface are 
presented in Fig. 3. 
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type and anisotropy of carbide properties, on the distribution of 
stresses was made for the surface “out–coming” release because 
only such a location of it favours development of tensile stresses 
in it that can lead to fracture formation, which is also confirmed 
by the studies of [7÷9]. 
 
 
Fig. 3. Distribution of tesselated stresses σx, σy, σz in the prismatic 
carbide and surrounding it matrix in dependence of carbide attitude: 
a) carbide totally surrounded by austenite, b) carbide entering the 
surface of the alloy 
 
The effect of the proportion of dimensions on the 
distribution of tessellated stresses for M7C3 type carbide was 
analysed. Calculations were made for several variants of o the 
ratio of carbide thickness g to its height h and of carbide length b 
to its thickness g, with a constant release volume h = 12 μm 
assumed in both cases. In the first group of calculations, 
the following values of carbide proportion g/h were assumed: 0.1, 
0.2, 0.3, 0.4, 0.5, and 0.8. The release proportion b/g was 
as follows: 1, 2, 5, 10, and 30. 
Collective diagrams of the distribution of σx stresses 
according to proportions g/h and b/g are presented in Fig. 4. 
 
 
Fig. 4. Distribution of σx stresses in rectangular carbide “out–
coming” onto the alloy surface according to a) proportion of 
dimensions g/h, b) proportion of dimensions b/g 
The distribution of stresses for two basic types of carbides 
being present in the structure of LH17N36S austenitic cast steel 
in the carburised and uncarburised state, i.e. M7C3 and M23C6, was 
determined and compared. The following carbide dimensions 
were assumed for calculations, in accordance with symbols 
in Fig. 2, i.e. g = 4 μm, h = 12 μm, and b = 120 μm, whereas those 
for austenitic matrix are as follows: G = 120 μm, H = 120 μm, and 
B = 120 μm. 
Additionally, calculations were made for M7C3 carbide that 
take into account the anisotropy of its thermal expansion 
coefficient, the values of which were assumed as follows: 
αa = 13.36·10
-6 K
-1 and αc = 8.69·10
-6 K
-1 [7]. The obtained 
distribution of σx,  σy,  σz stresses in a comparative form are 
presented in Fig. 5. 
 
 
Fig. 5. Comparison of σx, σy and σz stresses in rectangular carbide 
and its surrounding matrix according to the type and anisotropy 
of its properties 
 
 
3. Discussion  
 
In the carbide completely surrounded by austenitic matrix, 
the  σx,  σy,  σz stresses along axis 0z are compressive ones, 
regardless of the area, where they are being determined. 
The presence of only such stresses in carbide located in that way 
reduces the possibility of fracture formation. Additionally, one 
should emphasise the fact that the values of compressive stresses 
do not reach carbide compression strength Rc, which amounts 
to Rc = (2900÷3300) N/mm
2 for Cr7C3 type carbide [15]. Similar 
character of stress distribution was obtained for carbides of other 
shape. 
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the character of stresses changes. On the open surface and 
in  the  surface zone with a thickness coming to about 25% 
of the height of such carbide, σx stress assumes positive values, 
which surpass carbide compression strength Rm. In case of the 
carbides of Cr7C3 type, the compression strength 
is Rm = (248÷255) N/mm
2 [15]. The remaining σy and σz stresses 
are compressive ones and their distribution is similar to that of σy 
and  σz stresses found in the carbide completely surrounded 
by austenitic matrix. 
The other factors, such as the volume, type and anisotropy 
of properties, as well as the release shape discussed in this paper, 
do not change the character of stress distribution but affect their 
values only, which is confirmed by the carried out calculations. 
The smaller is the g measurement in relation to the carbide 
height h, the higher is the value of maximum tensile stresses σx 
on  the release surface (Fig. 4a). In case of the proportion 
of dimensions k = 0.1, σx stresses reach a value of 933 N/mm
2. 
The value of these stresses undergoes a reduction together with 
the increase of dimension g, with constant carbide height h 
maintained, but they start to go much deeper in the carbide 
(Fig. 4a). 
On the other hand, enlargement of carbide dimension b, 
with its thickness g and height h being unchanged, leads 
concurrently to the increase of maximum tensile stresses σx on the 
surface and to a simultaneous increase in the depth of their reach 
in the carbide (Fig. 4b). For the proportion of dimensions l = 30, 
σx stresses on the surface reach a value of 529 N/mm
2. 
Both the type of carbides and the anisotropy of thermal 
expansion coefficient for M7C3 carbide do not change 
the  character of stress distribution, with σx stresses being still 
tensile ones (Fig. 5). These factors affect the values of these 
stresses to a limited extent. In M7C3 and M23C6 carbides, 
the values of σx stresses on the open surface and in the surface 
zone are similar. The maximum tensile stress σx on the surface 
of M7C3 carbide is 536 N/mm
2 or 541 N/mm
2, after taking into 
account the anisotropy of its thermal expansion coefficient, 
whereas it is 519 N/mm
2 in case of M23C6 carbide. 
It results from the data presented in Figs 3b, 4 and 5 that in 
the analysed models, in which releases “came out” on the alloy 
surface, the values of σx   stresses on the release surface and 
in a sizeable area under it surpass carbide compression strength 
(with the cooling from 700
oC to 20
oC). In the carbides located this 
way, the presence of tensile stresses can lead to the tearing 
of their exposed part and thus be a reason of fracture formation. 
In the complex state of stress, a dangerous state is the function 
of  both stress tensor components and material mechanical 
properties. Therefore, one can expect a danger of fracture 
manifestation not earlier than after carrying the effort analysis 
of material. The results of such an analysis will be the subject 
of the next paper. 
 
 
5. Recapitulation 
 
Every temperature change leads to development of stresses 
in  carbides and in the austenite surrounding them, which 
are  caused by differences in the values of thermal expansion 
coefficients of these phases. These stresses are particularly 
dangerous in the case when carbides „come out” on the alloy 
surface, because then the tensile stresses develop on their surface 
and in a quite sizeable subsurface area that surpass 
the compression strength of these carbides. These stresses induce 
tearing of the exposed part of carbides. This process is repeated 
in successive thermal cycles, resulting in the formation of fracture 
deep into the material. 
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